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The r e a b t i o n  of CH4 w i t h  NH t o  produce HCN was s t u d i e d  a t  A b s t r a c t  
1 0  and 25 t o r r  p r e s s u r e  i n  a microwave p asma. 
r a t e  from 60 t o  1050 cc./min. NTP and t h e  microwave power from 70 t o  500 
Watts produced conversions t o  HCN from 9 t o  78 percent .  A p p l i c a t i o n  of 
t h e  t h e o r y  of d i f f u s i o n  c o n t r o l l e d  d ischarge  o p e r a t i o n  r e s u l t e d  i n  con- 
s t a n t  E/p and average e l e c t r o n  energy a t  a given p r e s s u r e .  Combining 
t h i s  conclus ion  wi th  the  o b s e r v a t i o n  of i n v a r i a n t  s p e c i f i c  power and 
e l e c t r o n  d e n s i t y  j u s t i f i e d  r e p l a c i n g  r e a c t i o n  time w i t h  s p e c i f i c  energy 
i n  the  r a t e  e q u a t i o n s .  Mathematical  models based .on  f i r s t  o r d e r  k i n e t i c s  
were c o n s i s t e n t  w i t h  measured r e a c t i o n  r a t e s  f o r  the d isappearance  of 
CH4 ( k  - 0.036 l i t e r h - h r j  and the  format ion  of HCN (k2  = 0.035 literh-hr) , 
I n t r o d u c t i o n  One u s e f u l  way t o  c l a s s i f y  d i s c h a r g e s  f o r  chemical syn- 
thes i s  is on the b a s i s  of the  temperature  r a t i o  of the  e l e c t r o n s  t o  the 
bulk  gas ,  T /Tg (Spedding, 1969). 
h igh  c u r r e n t  D . C .  a r c  o r  a plasma j e t ,  Te/T 
b u l k  g a s  temperature  is u s u a l l y  of the  ordeg of  10,000"K. 
d i s c h a r g e s ,  such a s  h igh  frequency and microwave d i s c h a r g e s  a t  p r e s s u r e s  
below 0.5 atm.,  Te/T 
g a s  temperature  may eje a s  low a s  300°C (Brockmeier, 1966) .  T h u s  the 
non-thermal d ischarge  provides  a means f o r  g e n e r a t i n g  a s i g n i f i c a n t  
number of high  energy e l e c t r o n s  wi thout  h e a t i n g  the b u l k  g a s  t o  a g r e a t  
e x t e n t .  The purpose of t h e  p r e s e n t  s t u d y  is t o  i n v e s t i g a t e  the  pro- 
d u c t i o n  of  HCN under t h e s e  c o n d i t i o n s .  

The microwave d ischarge  has  some d e f i n i t e  advantages because i t  
prpvides  a h i g h l y  r e a c t i v e  environment a t  r e l a t i v e l y  low temperature .  
Products  that a r e  thermal ly  uns tab le  can be synthes ized .  React ions t h a t  
have a f a v o r a b l e  f ree  energy change, b u t  which normally r e q u i r e  a c a t a -  

I l y s t  o r  h igh  temperature  t o  achieve a reasonable  r a t e ,  should proceed 
i n  a microwave d ischarge .  The absence of meta l  e l e c t r o d e s  a i d s  i n  pre-  
v e n t i n g  contaminat ion and p o s s i b l e  undes i rab le  c a t a l y t i c  e f f e c t s .  

I n v e s t i g a t o r s  have been s tudying  t h e  e f f e c t s  of microwave r a d i a t i o n  
on g a s e s  s i n c e  t h e  first g e n e r a t o r s  became a v a i l a b l e  about  25 y e a r s  ago, 
b u t  i n  a l l  of t h e s e  s t u d i e s ,  except  t h a t  of McCarthy (1954) ,  t h e r e  has 
been v e r y  l i t t l e  e f f o r t  t o  measure t he  e f f e c t s  of power, f low r a t e ,  
temperature ,  and p r e s s u r e  on the r e a c t i o n  r a t e  i n  t h e  microwave plasma. 
Recent ly ,  Cooper, e t  a l .  (1968), have r e p o r t e d  a more comprehensive 
s t u d y  of  the d ischarge  parameters  t h a t  a f f e c t  t h e  chemical y i e l d .  The 
o x i d a t i o n  of C 1  t o  c h l o r i n e  was c o r r e l a t e d  a s  a f u n c t i o n  of  the  quan- 

i a b l e ,  E/p. 

ing: CH4 + NH3 + HCN + 3 H2 m 2 9 8  = +60 k c a l .  

r a i s e d  above 900°C. 
Maak, 1962) .  The recovery  of a s i g n i f i c a n t  amount of HCN a t  the  c o o l e r  
tempera tures  (300-800°C) p r e v a i l i n g  i n  a microwave r e a c t o r  depends 
f i rs t  on g e n e r a t i n g  s u i t a b l e  a c t i v a t e d  p r e c u r s o r s  and second on these 
p r e c u r s o r s  c:mbinin@ a long  a r e a c t i o n  pathway t h a t  l e a d s  t o  HCN con- 
c e n t r a t i o n s  f r o z e n  a t  v a l u e s  g r e a t e r  t h a n  the e q u i l i b r i u m  va lues .  

? Varying the r e a c t a n t  f low 

I, 

I n  thermal  d ischarges ,  such a s  a 
approaches u n i t y ,  and t h e  

I n  non-thermal 

The bulk  may range from about  10 t o  n e a r l y  100. 

t i t y  (power) l  7 */pressure,  which was p r o p o r t i o n a l  t o  t h e  p r o p e r  var -  

The chemical r e a c t i o n  chosen f o r  the p r e s e n t  s t u d y  was t h e  fol low- 

I T h i s  r e a c t i o n  is n o t  thermodynamically f a v o r a b l e  u n t i l  the  temperature  is 
The HCN is uns tab le  below 2000°C (Sherwood and 
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T h i s  chemical  r e a c t i o n  i s  p a r t i c u l a r l y  s u i t a b l e  for s t u d y  i n  a microwave 
r e a c t o r .  Under most c o n d i t i o n s  i n  the o p e r a t i n g  plasma, l a r g e  concen- 
t r a t i o n s  of hydrogen w i l l  be p r e s e n t ,  t h e r e f o r e  the  o p e r a t i o n  can be 
analyzed w i t h i n  the framework O f  t h e  d i f f u s i o n - c o n t r o l l e d  theory .  
The ore  t i c  a 1 A microwave f i e l d  a f f e c t s  on ly  t h e  charged p a r t i c l e s  i n  
the  r e a c t i o n  tube,  and e s s e n t i a l l y  only  the e l e c t r o n s ,  because they  a r e  
s o  much l i g h t e r  than  the i o n s  p r e s e n t .  The Boltzmann t r a n s p o r t  equat ion ,  
which i s  an equat ion  of c o n t i n u i t y ,  r e p r e s e n t s  the  changes i n  the  number 
and d e n s i t y  of e l e c t r o n s  and i s  the  s t a r t i n g  p o i n t  f o r  most t h e o r i e s  of 
microwave d i s c h a r g e s  i n  a gas .  These t h e o r i e s  have been formulated by 
s e v e r a l  i n v e s t i g a t o r s  f o r  b o t h  t h e  i n i t i a l  breakdown and t h e  s teady  s t a t e  
d i s c h a r g e  (Rose and Brown, 1955; Brown, 1959 and 1966; Kontara tos  and 
Demetriades,  1965) .  The s o l u t i o n  t o  the  Boltzmann equat ion  f o r  a s t e a d y  
s t a t e  d i scharge  has  been d iscussed  by Brown (1959, 1966) ,  and an  e x a c t  
s o l u t i o n  can be obta ined  f o r  two l i m i t i n g  c a s e s ,  low and h i g h  e l e c t r o n  
d e n s i t y .  

The c o n d i t i o n s  i n  a n  o p e r a t i n g  d ischarge  d i f f e r  somewhat from the 
c o n d i t i o n s  a t  t h e  i n i t i a l  breakdown. The o p e r a t i n g  d ischarge  has  a 
s i g n i f i c a n t  c o n c e n t r a t i o n  of p o s i t i v e  ions ,  somewhat g r e a t e r  than t h e  
e l e c t r o n  d e n s i t y  because t h e  h e a v i e r  i o n s  d i f f u s e  t o  the  w a l l s  more 
s lowly.  The e l e c t r o n  d e n s i t y ,  n ,  i s  s i g n i f i c a n t l y  g r e a t e r  than  the 
breakdown value because of the e x p o n e n t i a l  growth law f o r  f r e e  e l e c t r o n s .  
The i n t e r a c t i o n  between t h e s e  charged s p e c i e s  g e n e r a t e s  a space charge 
f i e l d  t h a t  enhances the  d i f f u s i v i t y  of t he  p o s i t i v e  i o n s  and decreases  
the  d i f f u s i v i t y  of t h e  e l e c t r o n s .  The e f f e c t  of the space charge f i e l d ,  
ZS, i s  taken i n t o  account  i n  s o l v i n g  the  Boltzmann t r a n s p o r t  equat ion  
b y  superposing Es on the microwave f i e l d :  

A t  microwave f r e q u e n c i e s  the  e f f e c t i v e  f i e l d  f o r  energy t r a n s f e r ,  E=,  
i s  s u b s t i t u t e d  f o r  the  peak f i e l d  i n  e q u a t i o n  (1) 

where ldm i s  the c o l l i s i o n  frequency f o r  momentum t r a n s f e r  and u) i s  t h e  
r a d i a n  frequency of the  f i e l d  (u, = 1.54  x 1010 see-1 a t  2450 MHz). 
The e f f e c t i v e n e s s  of energy  t r a n s f e r  changes markedly a s  t h e  r e l a t i v e  
v a l u e s  of  vm and 0) vary  w i t h  p r e s s u r e .  If equat ions  (1) and ( 2 )  a r e  
used t o  c a l c u l a t e  t he  f i e l d ,  E ,  the  e q u a t i o n  of motion f o r  an e l e c t r o n  
may be so lved  t o  g e t  t h e  s p e c i f i c  power, or power i n p u t  p e r  u n i t  vo l -  
ume of g a s  (Cooper, e t  a l . ,  1968) .  

(1) E = E s + E e  jut  

= vm2/(vm2 + u2) ( 2 )  

P 

2 
E e  

F = ne2E2/(2mvm) ( 3 )  
It has been shown (Brown, 1959; MacDonald, 1966) t h a t  t h r e e  proper  

v a r i a b l e s  a r e  s u f f i c i e n t  t o  d e s c r i b e  breakdown c o n d i t i o n s  i n  e l e c t r i c  
d i s c h a r g e s :  EA, p i ,  and e i t h e r  E/p or pA. The e l e c t r o n  d e n s i t y ,  n, 
x u s t  be added to  t h i s  l i s t  t o  d e s c r i b e  t h e  o p e r a t i n g  d ischarge .  

the  assumption of c o n s t a n t  c o l l i s i o n  frequency ( v m  f f [ u ]  ) t o  o b t a i n  
the  breakdown f i e l d  o v e r  a p r e s s u r e  range from 0.1 t o  100 t o r r .  Fig-  
ure 1 shows the  r e s u l t s  o f  MacDonald and Brown (1949) comparing the  
t h e o r y  w i t h  e x p e r h e n t a l  r e su l t s  f o r  hydrogen a t  2800 MHz. A l s o  on 
the  saKe p l o t  a r e  t h e  c u r v e s  f o r  s t e a d y  o p e r a t i n g  c o n d i t i o n s ,  where 
no i s  the  e l e c t r o n  d e n s i t y  a t  the  c e n t e r l i n e  of t h e  tube .  S i m i l a r  
c u r v e s  have been r e p o r t e d  by o t h e r s  using a i r  (Rose and Brown, 1957) 
and h e l i u m  (Reder and Brown, 1954) .  F igure  1 i n d i c a t e s  t h a t  E/pm10 
for p r e s s u r e s  above IC! t o r r .  Another important  observacion i s  t h a t  
if no > 109 cm-3, E is  p r a c t i c a l l y  c o n s t a n t  a s  no i s  increased .  It 
can be shown (Cooper, e t  a l . ,  1968) t h a t  the average e l e c t r o n  energy,  

The d i f f u s i o n  c o n t r o l l e d  breakdown theory  has  been so lved  us ing  
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U ,  is  determined by E/p, so the  va lue  of u i s  a l s o  s t e a d y  a t  t he  above 
cond i t ions .  Since the  r a t e  of fo rma t ion  of e x c i t e d  s p e c i e s  i s  d e t e r -  
mined by E/p, t he  d i s t r i b u t i o n  of t hese  r e a c t i v e  s p e c i e s  w i l l  a l s o  be 
p r a c t i c a l l y  cons t an t  a t  a g iven  p r e s s u r e  i f  no > 109 cm-3. The e l e c -  
t r o n  d e n s i t y  i n  the  p r e s e n t  system i s  e s t i m a t e d  a s  a t  l e a s t  1O1O cm-3. 

F o r  c e r t a i n  r e a c t o r  and waveguide geometr ies  , and e s p e c i a l l y  
t h a t  used i n  t h i s  work, one e f f e c t  of i n c r e a s i n g  the  i n c i d e n t  power is  
t o  extend the  e l e c t r i c  f i e l d  f a r t h e r  o u t s i d e  the  waveguide i n t o  the  
f lowing gas .  The r eg ion  i n  which t h e  e l e c t r i c  f i e l d  is s t r o n g  enough 
t o  s u s t a i n  a d i scha rge  i s  the  same a s  the  e x t e n t  of t h e  v i s i b l e  glow. 
A t  c o n s t a n t  p re s su re  the  l e n g t h  o r  volume of t he  v i s i b l e  d i scha rge  
may be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  power absorbed i n  t h e  microwave 
r e a c t o r ,  e s p e c i a l l y  a t  low t o  moderate power l e v e l s .  I n  the  l i n e a r  r e -  
g ion ,  t he  r e c i p r o c a l  of t h e  s l o p e  i s  t h e  s p e c i f i c  power, o r  power ab- 
sorbed p e r  u n i t  volume , which is  a c o n s t a n t .  

Equat ion (3)  shows t h e  r e l a t i o n s h i p  between the  s p e c i f i c  power and 
e l e c t r o n  d e n s i t y .  It has been shown above t h a t ,  a t  c o n s t a n t  p re s su re  
i n  the  h igh  e l e c t r o n  d e n s i t y  l i m i t ,  t h e  v a l u e s  of E and vm w i l l  be 
s t e a d y .  The re fo re ,  t h e  e l e c t r o n  d e n s i t y  w i l l  be c o n s t a n t  if the  spec- 
i f i c  power remains c o n s t a n t  ove r  t h i s  range of c o n d i t i o n s .  T h i s  imp l i e s  
t h a t  over  a moderate range of power l e v e l s ,  t h e  r e su l t  of i n c r e a s i n g  
the  power i s  simply t o  l eng then  t h e  microwave r e a c t o r ,  w i thou t  caus ing  
any s i g n i f i c a n t  change i n  t h e  average e l e c t r o n  energy,  t h e  e l e c t r o n  den- 
s i t y ,  o r  t h e  k inds  of r e a c t i o n s  occur r ing .  The longe r  r e a c t i o n  zone 
has t h e  same environment a s  a t  lower powers, and the  c o n t a c t  time i s  
inc reased  p r o p o r t i o n a t e l y  w i t h  the  power. 
Experiment a 1 The appa ra tus  used f o r  t h i s  s tudy  i s  shown schemat i ca l ly  
i n  Figure 2. The microwave power was supp l i ed  by an Eimac PPS-2.5A 
Power Pack a t  a f i x e d  frequency of 2450 MHz us ing  a cont inuous wave 
magnetron w i t h  an ou tpu t  a d j u s t a b l e  between 200 and 2500 w a t t s .  A 
crescent-shaped v a r i a b l e  a t t e n u a t o r  was i n s t a l l e d  i n  the  waveguide t o  
permit ope ra t ion  below 200 w a t t s .  An impedance meter  c o n s i s t i n g  of a 
movable probe i n  a s l o t t e d  waveguide was used t o  measure the  vo l t age  
s t a n d i n g  wave r a t i o  (VSWR). The power i n c i d e n t  on the  r e a c t o r  was de- 
t e c t e d  wi th  a loop-type d i r e c t i o n a l  coup le r  and read on a microwave 
power meter.  The power a c t u a l l y  absorbed i n  the  d i scha rge  r eg ion  w a s  
c a l c u l a t e d  from the  i n c i d e n t  power r ead ing  and t h e  VSWR. A tapered 
waveguide s e c t i o n  wi th  a s l o t  f o r  t he  r e a c t o r  coupled t h e  power i n t o  
the  plasma (Fehsenfe ld ,  e t  a l .  , 1965). 

dense r  w a s  mounted around i t  t o  permit  c o o l i n g  t h e  tube w i t h  a high- 
v e l o c i t y  a i r  stream. A f i t t i n g  i n  the  exhaust  end of t h e  tube was used 
t o  i n s t a l l  a chromel-alumel thermocouple i n  a thin-wal led q u a r t z  s h i e l d  
f o r  those runs i n  which temperatures  were measured. 

Research grade methane and ammonia were used a s  f e e d  g a s e s  wi thou t  
f u r t h e r  p u r i f i c a t i o n .  Each f eed  r a t e  was measured a t  a tmospheric  pres-  
su re  w i t h  a Matheson No. 600 s e r i e s  ro t ame te r .  An evacuated g l a s s  bu lb  
was used t o  o b t a i n  a sample for gas  chromatography us ing  a hydrogen 
flame d e t e c t o r .  I n  a d d i t i o n ,  a condensed sample was ob ta ined  by oper- 
a t i n g  the  t h r e e  toggle  v a l v e s  t o  d i r e c t  t he  product s t ream through a 
: lass t r a p  cooled wi th  l i q u i d  n i t r o g e n .  The condensed p roduc t s  were 
d i s so lved  i n  wa te r  and t i t r a t e d  f o r  cyanide and ammonia. 
Re sul t s Experimental  r e s u l t s  were ob ta ined  ove r  t h e  fo l lowing  ranges 
of o p e r a t i n g  cond i t ions :  gas  p r e s s u r e s  from 10 t o  25 t o r r ,  absorbed 
powers frorx 70 t o  500 w a t t s ,  and gas  feed r a t e s  from 60 t o  1050 cc./min. 
r.easured a t  NTP, t h a t  i s ,  2 1 ° C  and atmospheric  p r e s s u r e .  For most of t h e  
runs ,  t he  feed r a t i o  of methane t o  ammonia was 1 :2 .  The use of t h i s  
feed r a t i o  rendered methane the  l i m i t i n g  component f o r  t h e  formation of 
HCN i n  a l l  of t he  experiments .  The major p roduc t s  from t h e  r e a c t o r  were 
HCN, hydrogen, and n i t r o g e n .  I n  a d d i t i o n ,  t h e r e  was a minor amount of 

The microwave r e a c t o r  was a 1 3  mm. OD q u a r t z  tube .  A L i e b i g  con- 
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a c e t y l e n e ,  and very small q u a n t i t i e s  of e t h a n e ,  e t h y l e n e ,  a n d  o t h e r  
hydrocarbons.  

I n  many s t u d i e s  of r e a c t i o n  k i n e t i c s  i n  e l e c t r i c  d i scha rges ,  the 
s p e c i f i c  energy, U/V, h a s  been used r a t h e r  t han  r e a c t i o n  t ime, t ,  t o  
c o r r e l a t e  t h e  r e s u l t s  ( V a s i l ’ e v ,  e t  a l . ,  1937; Borisova and Eremin, I 

1967). T h i s  has a l s o  been done he re ,  f o r  r easons  exp la ined  i n  t h e  t heo ry  
s e c t i o n  and because c a l c u l a t i o n  of s p e c i f i c  energy from the  measured 
power and feed r a t e s  was more a c c u r a t e  than  c a l c u l a t i o n  of space t ime.  

The r e s u l t s  of chemical a n a l y s e s  a r e  shown i n  the  fo l lowing  f i g u r e s .  
The disappearance of methane fol lowed an appa ren t  f i r s t - o r d e r  k i n e t i c  
e x p r e s s i o n  a t  10 t o r r  F i g u r e  3. The r a t e  cons t an t  f o r  methane decomp- 
o s i t i o n  was 3 .6  x l i t e rs /%-hr .  A t  25 t o r r ,  t he  measured r a t e  con- 
s t a n t  equa l l ed  t h a t  a t  10 torr. 

Figure  4 d e p i c t s  t h e  p roduc t ion  of HCN a s  a f u n c t i o n  of s p e c i f i c  
energy a t  10 t o r r .  A t  low U/V (< 18 W-hr/l) t h i s  f i g u r e  e x h i b i t s  a 
l i n e a r  r e l a t i o n s h i p  w i t h  a n  i n i t i a l  s lope  p r a c t i c a l l y  t h e  same a s  the 
s lope  of the l i n e  i n  F i g u r e  3 f o r  methane decomposition. A t  h ighe r  U/V 
t h e  l i n e  curves,  approaching a s y m p t o t i c a l l y  a value of approximately 
80 p e r c e n t  conversion of methane t o  HCN f o r  a U/V g r e a t e r  than 80 W-hr/l. 
Experiments a t  10 and 25 t o r r  p re s su re  y i e l d e d  e s s e n t i a l l y  the  same 
r e s u l t s ,  j u s t  a s  i n  t h e  case  of t h e  methane decomposition. 

A t  h i g h e r  s p e c i f i c  e n e r g i e s  (> 40 W-hr/l), very  small amounts O f  
an a s  y e t  u n i d e n t i f i e d  d a r k  brown s o l i d  were produced. 

I n  a s e p a r a t e  s e r i e s  of  experiments ,  t h e  a x i a l  temperature  p r o f i l e s  
were measured j u s t  below and part-way i n t o  t h e  exhaus t  end of t he  oper- 
a t i n g  d i scha rge .  A t  10 t o r r ,  the a b s o l u t e  temperature  Inc reased  about  
10 p e r c e n t  a s  t he  power was inc reased  n e a r l y  f o u r f o l d .  The conclusion 
i s  t h a t  l a r g e  v a r i a t i o n s  i n  power cause on ly  minor changes i n  the  temp- 
e r a t u r e  p r o f i l e s  i n  the  d i s c h a r g e .  F o r  each  p r o f i l e ,  t h e  temperature  
n e a r  t he  c e n t e r  of the glowing plasma was 1000°C. The h i g h e r  the  gas  
r a t e ,  t h e  h i g h e r  t h e  temperature  is  a t  the edge of t he  glow: a s  the flow 

e r a t u r e s  were 250, 350, and about 500°C. 

v a l u e s  of s p e c i f i c  ene rgy .  The minhum energy requirement  was 70 
W-hr/gm. of HCN a t  a s p e c i f i c  energy of  4.6 W-hr/l, corresponding t o  
a 17 p e r c e n t  conversion t o  HCN. 
D i s  c u s s  i o n  The c o r r e l a t i o n  of r e s u l t s  by means of a s t r a i g h t  l i n e  
i n  F igu re  3 i n d i c a t e s  t h a t  t h e  decomposition of methane i n  a microwave 
plasma can be desc r ibed  by  a f i r s t - o r d e r  r e a c t i o n  r a t e  e x p r e s s i o n  a t  

Because of t h e  f i r s t  o r d e r  expres s ion ,  no vo lumet r i c  expansion f a c t o r  
i s  r e q u i r e d .  

The decomposition of methane i n  t h e  presence of ammonia i n  a 
microwave plasma l e a d s  t o  t h e  formation of HCN by a s e r i e s  of a t  l e a s t  
two e l emen ta ry  r e a c t i o n s .  I n  a s e r i e s  mechanism, the  formation r a t e  
for t he  product  i s  c o n t r o l l e d  by the  r a t e  of t he  s lowes t  r e a c t i o n  i n  t h e  
s e r i e s .  The HCN w i l l  a l s o  be decomposed by exposure t o  the d i scha rge .  
The s e r i e s  of  r e a c t i o n s  forming HCN w i l l  be summarized by  A --c R and 
the  decomposition of HCN w i l l  be a b b r e v i a t e d  t o  a s i n g l e  r e a c t i o n  
R - S ,  s o  t h a t  

The form of  equa t ion  ( 5 )  i m p l i e s  t h a t  on ly  f i r s t - o r d e r  r e a c t i o n s  a r e  
cons ide red  i n  t h i s  mechanism. The corresponding i n t e g r a t e d  r a t e  ex- 
p r e  s s i o n  be c oKe s 

I 

r a t e  was inc reased  from 60 t o  180 t o  900 cc./min., t he  r e s p e c t i v e  temp- I 

The energy requiremeilt  p e r  gram of  HGN was c a l c u l a t e d  a t  d i f f e r e n t  

10 t o r r :  I n  (1 - XA) = - k l  (U/V) ( 4 )  

A - . R - + S  k2 k 3  (5)  
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where U / v  has  rep laced  t lme, and NA 

curve shown i n  F igure  4. T h i s  model g i v e s  a n e a r l y  s t r a i g h t - l i n e  co r re -  
l a t i o n  a t  low U/V, which begins  t o  curve s i g n i f i c a n t l y  a t  about  30 
W-hr/l a s  t he  HCN begins  t o  r e a c t  t o  a l a r g e  e x t e n t .  However, t h e  HCNy 
is q u i t e  s t a b l e ,  s i n c e  80 pe rcen t  conversion t o  HCN can be achieved ,  
i n d i c a t i n g  t h a t  k3 i s  small. 
f i e d  t o  

The va lues  of k2 and k 3  a t  10 t o r r  were c a l c u l a t e d  by de termining  the  
b e s t  f i t  t o  the  exper imenta l  da t a  i n  F igu re  4. The same procedure was 
used f o r  da t a  a t  25 t o r r .  The r e s u l t s  a r e  shown i n  Table I. 

Table  I 

is the molar  f eed  rate of methane. 
Equation (6) is the  ma themat i c i l  model t h a t  was used t o  gene ra t e  t h e  

If k3 <( k2, equa t ion  (6)  may be s l m p l i -  
N R / N A ~  = [I - exp (-k2U/V)] exp(-k+JjU/V) ( 7 )  

Rate Cons tan ts  C a l c u l a t e d  from Equat ion  (6)  
P r e s s u r e ,  t o r r  E2, l ./W-hr 

io 3.5 x 
25 3.5 x 3.65 10-3 

Since  k3 I s  an o r d e r  of magnitude s m a l l e r  than  k , e q u a t i o n  ( 7 )  is  a n  
a c c u r a t e  approximation t o  t h e  k i n e t i c  model. 
of U/V, t he  exponen t i a l  c o n t a i n i n  
e q u a t i o n  ( 7 )  reduces t o  e q u a t i o n  74), which d e s c r i b e s  t h e  methane de- 
composition. I n  the l i m i t  of ze ro  convers ion ,  a t  ze ro  U/V, t h e  r a t e  of  
format ion  of HCN i s  i d e n t i c a l  t o  the  methane decomposition r a t e .  The 
v a l u e  f o r  k l  c a l c u l a t e d  from Figure  3 a g r e e s  with the  i n i t i a l  s lope  of 
F igu re  4 (k2)  t o  w i t h i n  5 p e r c e n t .  
appears  t o  be the  r a t e - c o n t r o l l i n g  s t e p  i n  the  format ion  of HCN, w i t h  
t he  r e s u l t  t h a t  kg e q u a l s  k l .  T h i s  model i s  c o n s i s t e n t  w i t h  t h e  exper- 
imenta l  r e s u l t s  up t o  about UjU/V = 60 W-hr/l a t  b o t h  10 and 25 t o r r .  

t o  d e s c r i b e  the  r e s u l t s .  
p robably  tend  t o  reform some HCN. 
Nomenclature 
A = methane 
E = e l e c t r i c  f i e l d  s t r e n g t h ,  volts/cm. 
E, = e f f e c t i v e  f i e l d  s t r e n g t h ,  volts/cm. 
Ep = amplitude of e l e c t r i c  f i e l d ,  volts/cm. 
E, = space charge e l e c t r i c  f i e l d ,  volts/cm. 
e = e l e c t r o n i c  charge,  coulomb. 
kl = r a t e  cons t an t  f o r  decomposition of methane, l /w-hr.  
k2 = r a t e  cons t an t  f o r  fo rma t ion  of hydrogen cyanide,  l/w-hr. 
k3 = r a t e  cons t an t  f o r  t he  decomposition of hydrogen cyanide ,  l /w-hr.  
m = e l e c t r o n  mass, gram. 
N = moles of chemical corn ound, moles 
n = e l e c t r o n  d e n s i t y ,  cc- 
Qo = c e n t e r l i n e  e l e c t r o n  density,  cc-1 
P = s p e c i f i c  power, wa t t s / cc .  
p = p r e s s u r e ,  t o r r .  
R = hydrogen cyanide 
S = decomposition p roduc t s  of hydrogen cyanide 
Te = e l e c t r o n  tempera ture ,  OK 

Tg= r e a c t i o n  time, min. 
U = absorbed power, Watts 
u = average  e l e c t r o n  energy  e l e c t r o n  v o l t s  
V = f e e d  r a t e ,  cc/min a t  21'C and 760 mm Hg. 
VSWR = vo l t age  s t a n d i n g  wave r a t i o  
XA = f r a c t i o n a l  conversion of methane A = c h a r a c t e r i s t i c  d i f f u s i o n  l e n g t h ,  cm. 

Noge t h a t  f o r  low va lues  
k3 i s  p r a c t i c a l l y  u n i t y  wherefore 

The re fo re ,  t he  decomposition of methane 

A t  s p e c i f i c  e n e r g i e s  g r e a t e r  than  60 W-hr/l, no model has  been found 
The p roduc t s  from t he  HCN decomposition (S)  

P 

= g a s  tempera ture ,  OK 

I 
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-1 = f r ee  space wavelength,  cm. 

vlli = c o l l i s i o n  f requency  f o r  momentum t r a n s f e r ,  s e c  . 
LU = r a d i a n  frequency of f i e l d ,  s e c - l .  
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